Introduction
============

Endothelial progenitor cells (EPCs) are predifferentiated adult stem cells with a potential to proliferate and differentiate into mature endothelial cells (ECs).[@b1-tcrm-12-1841]--[@b3-tcrm-12-1841] In contrast to mature ECs, which are differentiated cells with low proliferative potential and limited ability to regenerate damaged endothelium, EPCs have a high proliferative potential, contribute to reendothelialization after vascular injury, and are involved in neovascularization of ischemic tissues.[@b4-tcrm-12-1841]--[@b6-tcrm-12-1841] Levels of circulating EPCs are known to be reduced in patients with cardiovascular disease[@b7-tcrm-12-1841] or patients at risk of cardiovascular disorder.[@b8-tcrm-12-1841] EPC levels have also been shown to be predictive of mortality in patients with coronary artery disease.[@b9-tcrm-12-1841],[@b10-tcrm-12-1841] Recently, EPCs have gained more interest for potential clinical applications as in vivo endothelialization of biologic and prosthetic materials.[@b11-tcrm-12-1841] As a proof of concept, we have shown in previous works the capacity of bio-functionalized polytetrafluoroethylene material to couple murine EPC.[@b12-tcrm-12-1841]

The objective of this paper was to study the effect of a defined surgical vascular trauma by means of carotid artery thromboendarterectomy (CTEA) on the levels and kinetics of peripheral circulating putative EPCs and concentrations of the cytokines SDF-1α, KDR, and G-CSF.

Materials and methods
=====================

Patients, surgical procedure, and sample acquisition
----------------------------------------------------

Patients with asymptomatic internal carotid artery (ICA) stenosis (\>70% as determined by ultrasonography) and scheduled for surgery were enrolled in the study ([Table 1](#t1-tcrm-12-1841){ref-type="table"}). The study was approved by the Ethics Review Board of the University of Tuebingen Medical Faculty (number: 403/2007BO2). Informed consent was obtained from each participant. Twenty patients were enrolled (75% male; age range 54--87 years). Healthy male Caucasian volunteers (n=18, age range 23--43 years) served as controls.

Patients received general anesthesia and were intubated receiving controlled ventilation. The main carotid artery (MCA), ICA, and external carotid artery were exposed. Six cubic centimeters of blood was collected, and a polyethyleneterephthalate patch (Bard, Murray Hills, NJ, USA) was preclotted for 10 minutes. Following systemic heparinization (100 IU/kg), the external carotid artery was cross clamped. The MCA and ICA were temporarily occluded, and the MCA was longitudinally incised with extension into the ICA behind the stenosis. A 12 F shunt was inserted, and brain perfusion reestablished (mean occlusion time was 90±15 s). An endarterectomy was performed, and the preclotted patch was implanted using running 6-0 polypropylene sutures (Ethicon, Somerville, NJ, USA). Immediately prior to completion of the suture, the shunt was removed with concordant reocclusion of the MCA and ICA. The suture was completed, the patch area thoroughly deaired, and perfusion reestablished (mean occlusion time was 80±15 s). Heparin was not reversed.

Steady-state venous peripheral blood (PB) samples (15 mL) were collected at 1 day preoperatively and at 1, 3, and 5 days postoperatively.

PBMCs isolation
---------------

PB mononuclear cells (PBMCs) were isolated by Histopaque-1077 density gradient centrifugation (800× *g*, 30 minutes) following the manufacturer's instructions. Briefly, isolated PBMCs were washed once in phosphate-buffered saline (PBS), centrifuged (400× *g*, 7 minutes), and resuspended in 1 mL PBS supplemented with 1 mM ethylenediaminetetraacetic acid and 2% human serum albumin.

Flow cytometry (fluorescence-activated cell sorting)
----------------------------------------------------

EPCs were analyzed for surface marker expression with an LSRII instrument (BD Biosciences, San Jose, CA, USA). Flow cytometric analysis was performed for CD34, CD133, VEGF-R2, and CD144. CD45 was added to lower the detection threshold and to distinguish between hematopoietic and endothelial lineages.

Flow cytometry was performed to test for reactivity with the following antihuman monoclonal antibodies: APC-VEGF-R2 (KDR, \#FAB357A; R&D Systems Inc., Minneapolis, MN, USA), FITC-CD34 (\#130-081-001; Miltenyi Biotec, Bergisch Gladbach, Germany), PE-CD133 (\#130-090-853; Miltenyi Biotec), AF700-CD144 (\#56-1449-73; eBioscience, San Diego, CA, USA), and CD45 (\#PB-222-T100; Exbio, Vestec, Czech). A second VEGF-R2 antibody (\#6251; Santa Cruz Biotechnology, Santa Cruz, CA, USA) labeled with an AF647-Zenon^®^ Mouse IgG Labeling Kit (\#Z25008; Thermo Fisher Scientific, Waltham, MA, USA), following manufacturer's instructions, was used.

Briefly, PBMCs (15--20×10^6^/15 mL blood) were washed in PBS, centrifuged (7 minutes, 400× *g*), and resuspended in 1 mL PBS (supplemented with 1 mM ethylenediaminetetraacetic acid and 2% human serum albumin). Cells (2×10^6^) were stained with fluorochrome-labeled antibodies in a total volume of 100 µL for 30 minutes on ice in darkness. Appropriate negative control isotype-matched antibodies (BD \[Franklin Lakes, NJ, USA\] and Miltenyi) were used in the same concentration as tested antibodies. Additionally, fluorescence-minus-one negative controls were measured. For compensation of signal overlaps in multichannel fluorescence-assisted cell sorting measurements, CD3 antibodies (Exbio) were used with corresponding chromophores. Dead and apoptotic cells were excluded by staining with 7AAD (559925; 1:250; BD). Data from 10^6^ events were acquired, and were analyzed with BD FACSDiva (version 6.0; BD Biosciences) software.

Enzyme-linked immunosorbent assays
----------------------------------

Approximately, 2 mL of blood plasma aliquots was taken from each Histopaque separation. VEGF-R2, SDF-1α, and G-CSF concentrations were determined using cytokine-specific enzyme-linked immunosorbent assays according to the manufacturer's instructions (Quantikine; R&D Systems Inc.).

Statistical analysis
--------------------

For statistical analysis, we conducted one-way between-subjects analysis of variance for the four time points, with day of measurement as the independent variable and percentage of EPCs or cytokine concentration as dependent variables. Statistical analysis was performed using PASW Statistics software (version 18.0.0; SPSS Inc., Chicago, IL, USA). *P*-values \<0.05 were considered statistically significant.

Results
=======

Flow cytometric analysis
------------------------

EPCs were analyzed following the gating strategy depicted in [Figure 1D](#f1-tcrm-12-1841){ref-type="fig"}. 7AAD+ cells were excluded as nonvital or damaged cells ([Figure 1A](#f1-tcrm-12-1841){ref-type="fig"}). Doublet cells and agglomerates were excluded according to their increased side and front scatter. A gate including the monocyte and lymphocyte populations was selected for further analysis ([Figure 1B](#f1-tcrm-12-1841){ref-type="fig"}). CD45, a typical marker of the hematopoietic lineage, was chosen as a preselection marker ([Figure 1C](#f1-tcrm-12-1841){ref-type="fig"}; pink: CD45−; yellow: CD45+). The analysis was focused on the potential EPC markers: KDR, CD34, and CD133.

Of the gated PBMCs, 0.031%±0.016% stained positive for KDR. Of the KDR+ PBMCs, 79% were CD45+ (0.027%±0016%; [Figure 1E--G](#f1-tcrm-12-1841){ref-type="fig"}). KDR+ cells were mostly found within the lymphocyte population revealing a small cell size with low granularity. Only negligible (0.001%) amounts of KDR+ cells were positive for CD34. Parallel experiments with the two different KDR antibodies revealed comparable results.

Of the analyzed PBMCs, 0.209%±0.143% stained positive for CD34, and 0.108%±0.042% for CD133. Two CD34+ subpopulations were detected when CD45 was involved. The same was found for CD133. Sixty-nine percent of CD34+ and 52% of CD133+ cells were negative for CD45. A strong overlap between both populations was observed (0.059%±0.025%), but this overlap was almost exclusively found within the CD45− population. Size and granularity of the CD45−/CD34+, CD45−/CD133+, as well as the CD45−/CD34+/CD133+ PBMCs were comparable to the small nongranular lymphocyte population, whereas CD45+ counterparts were partially located within the monocytes.

CD144 was found in 0.033%±0.028% of PBMCs, but this endothelial marker was not coexpressed with any other tested marker. Summarized, flow cytometric analysis revealed two potential EPC populations: 0.052%±0.022% (% of PBMCs) of CD45−/CD34+/CD133+ cells and 0.034%±0.024% of KDR+ cells.

Quantitative variation in the expression profiles of the putative EPC populations due to the surgical trauma was determined ([Figure 2A](#f2-tcrm-12-1841){ref-type="fig"}). Whereas no significant changes were found for VEGF-R2+/CD45+ cells (*F*(3,72) =1.184; *P*=0.322) after surgery, significant changes were detected for CD45-CD34+/CD133+ cells (*F*(3,72) =4.994; *P*=0.003). *t*-Tests revealed a significant 33% drop of CD45−/CD34+/CD133+ cells on the day after CTEA (*t*(38) =7.299; *P*\<0.001). However, a relative number (compared to initial preoperative values) of CD45−/CD34+/CD133+ cells was found on day 3 (82%; *t*(38) =−2,081; *P*=0.047) and on day 5 (94%; *t*(34) =−1,201; *P*=0.240) postoperatively ([Figure 2B](#f2-tcrm-12-1841){ref-type="fig"}). A more profound upregulation of CD45−/CD34+/CD133+ cells was observed for diabetics (+44%, day 0) when values of labeled cells were compared to nondiabetic patients ([Figure 2C](#f2-tcrm-12-1841){ref-type="fig"}). Male patients had 38% more CD45−/CD34+/CD133+ cells (day 0) than females ([Figure 2D](#f2-tcrm-12-1841){ref-type="fig"}).

Plasma cytokines
----------------

Concentrations of cytokines, involved in the EPC activation, were measured in plasma aliquots ([Figure 3](#f3-tcrm-12-1841){ref-type="fig"}) by means of enzyme-linked immunosorbent assay. Analysis of variance tests revealed a significant effect of the vascular impact on concentrations of SDF-1α (*F*(3,36) =3.450; *P*=0.027). For SDF-1α, *t*-tests revealed a significant 8.4% decrease directly after surgery (*t*(18) =2.671; *P*=0.026) and a significant recovery from day 1 to day 3 (*t*(18) =−2.325; *P*=0.033). No significant effect was found for concentrations of VEGF-R2 (*F*(3,36) =1.357; *P*=0.271). A slight preoperative increase of G-CSF concentrations was measured, but differences were proved not to be significant (*F*(3,36) =2.409; *P*=0.083).

Discussion
==========

Since discovery in 1997, an increasing interest has been devoted to the study of EPCs, a subtype of immature cells involved in endothelial repair and neo-angiogenesis, and cells that play a comprehensive role in tissue homeostasis.

Many studies have addressed the identity of EPCs, but their exact definition is still in ongoing discussion.[@b13-tcrm-12-1841]--[@b16-tcrm-12-1841] Most of the surface marker combinations used in flow cytometry studies included the marker CD34 and VEGF-R2 because initial studies in the EPC field reported that CD34+ and VEGF-R2+ cells purified from various sources (umbilical cord blood, PB, bone marrow) and distinct chronic cardiovascular diseases (dilative cardiomyopathy[@b17-tcrm-12-1841]) were able to generate ECs in vitro.[@b1-tcrm-12-1841],[@b3-tcrm-12-1841],[@b18-tcrm-12-1841] CD34+/CD133+/VEGF-R2+ cells are widely accepted to identify true circulating EPCs, but yet these cells were never directly tested to generate new ECs in vitro or in vivo.[@b13-tcrm-12-1841],[@b19-tcrm-12-1841] In this study, two putative EPC populations were detected: VEGF-R2+ cells and a CD34+/CD133+ population. Additionally, we prescreened with the common leukocyte antigen CD45, to lower the background threshold by excluding cells of hematopoietic CD45+ fraction.[@b14-tcrm-12-1841] Positive events were calculated as percent of living singlet cells within the monocyte/lymphocyte fraction of Histopaque-1077 density gradient-separated PBMCs. Of the PBMCs, 0.034% were VEGF-R2+, but most of these cells (79%) were found in the CD45+ fraction; 0.052% were marked positive for CD34+/CD133+, and this population was found in the CD45− fraction. A strong overlap of CD34+ and CD133+ cells was observed, but no overlap was seen for CD34+ and VEGF-R2 markers.[@b14-tcrm-12-1841]

Impacts on numbers of EPCs in general are manifold. Increasing numbers of EPCs are described to correlate with physiological variations such as raised estrogenic levels[@b14-tcrm-12-1841] or physical exercises.[@b20-tcrm-12-1841] They are known to be impaired in patients suffering from coronary artery disease (termed as CD34+/VEGF-R2+), those who smoke,[@b21-tcrm-12-1841] or those suffering from hyperlipidemia[@b22-tcrm-12-1841] compared to healthy volunteers. Even small variations such as the human circadian rhythm impact levels of circulating EPCs.[@b23-tcrm-12-1841]

In our study, a significant (33% of PBMCs) decrease of CD45−/CD34+/CD133+ cells was observed on day 1 after surgery. However, a relative number (compared to initial preoperative values) of CD45−CD34+/CD133+ cells was found on day 3 (82%) and on day 5 (94%) postoperatively. A potential mechanism of the observed decrease in EPCs might be an active participation in reendothelialization of the traumatized lumen of the carotid artery and patch surface. The surgical impact itself did not show any effect on the level of VEGF-R2+ cells. Furthermore, increased levels of CD45−/CD34+/CD133+ cells were found in diabetic patients compared to nondiabetics. This observation is confirmed by a recent publication indicating an impaired correlation between diabetes and EPC levels.[@b24-tcrm-12-1841]--[@b26-tcrm-12-1841] However, these groups focused on functional assay such as endothelial tube formation[@b25-tcrm-12-1841],[@b26-tcrm-12-1841] or proliferative capacity[@b27-tcrm-12-1841] rather than expressed surface markers.

Recent works have shown that specific cytokines are involved in EPC mobilization. G-CSF is a well-known cytokine used extensively in clinical settings to mobilize hematopoietic stem cells. G-CSF is produced by activated monocytes/macrophages, fibroblasts, ECs, and bone marrow stromal cells. An increase was observed on day 1 after CTEA in our study, but levels were decreasing to initial values on days 3 and 5. We did not measure any effect on VEGF concentration. The SDF-1α levels decreased significantly by 8% on day 1 postoperatively but returned to preoperative levels by day 5. Similar results in terms of preoperative cytokine trends were reported from Roberts et al.[@b28-tcrm-12-1841] They measured these cytokines post- and preoperatively in patients undergoing cardiac surgery. Mieno et al[@b29-tcrm-12-1841] published data describing increased SDF-1α levels 4 hours after coronary artery bypass grafting which returned to initial values by day 4 preoperatively. We hypothesize that a vascular trauma such as a CTEA triggers a G-CSF release resulting in an increased EPC mobilization. The exact mechanism for such release remains to be clarified. It is possible that other cytokines, such as SDF-1α, are implicated prior to G-CSF release. Smaller time intervals between preoperative measurements could reveal a more detailed time course analysis of the exact mechanism of EPC mobilization.

Conclusion
==========

Clear limitations of the study are relative small sample size indicating the need for further in-depth investigations to elaborate potential applications such as in vivo EPC capture (adhesion) and subsequent differentiation of biomaterials.
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![FACS gating strategy for quantification of PBMCs with EPC character.\
**Notes:** Living (7AAD negative, **A**) and single cells (normal front- and side-scatter signals) within the monocyte and lymphocyte PBMC population (**B**) were analyzed. Additionally, CD45 was used as a preselecting marker (**C**) to exclude cells of the hematopoietic pathway from the analysis. According to the FACS gating strategy (**D**), two populations were found within the PBMCs to fit into the current model of EPC expression patterns: a CD45+/KDR+ population (**E**, early EPCs) and a CD45-/CD34+/CD133+ population (**F** and **G**, matured EPCs).\
**Abbreviations:** FACS, fluorescence-activated cell sorting; PBMCs, peripheral blood mononuclear cells; EPCs, endothelial progenitor cells.](tcrm-12-1841Fig1){#f1-tcrm-12-1841}

![Progression of values of CD45−/CD34+/CD133+ cells after surgical impact.\
**Notes:** On the day after surgery, a 33% decrease of CD45−/CD34+/CD133+ cells was observed; however, levels returned to 82% on days 3 and 94% on day 5 postoperatively. Relative cell numbers are depicted for each patient (**A**) and as daily mean ± standard deviation (**B**). The number of CD45−/CD34+/CD133+ PBMCs were found to be increased for diabetes mellitus patients (light blue) compared to nondiabetic patients (**C**), and the values were also increased for male patients compared to females (**D**).\
**Abbreviations:** PBMCs, peripheral blood mononuclear cells; CTEA, carotid artery thromboendarterectomy; DM, diabetes mellitus.](tcrm-12-1841Fig2){#f2-tcrm-12-1841}

![ELISAs for cytokines associated to EPC activation and angiogenesis.\
**Notes:** No significant effect of CTEA was found for human soluble VEGF-R2 (**A**). Human SDF-1α (**B**) decreased significantly by 8%, and human G-CSF (**C**) increased by 6%. Both values returned to initial values on days 3 and 5.\
**Abbreviations:** ELISAs, enzyme-linked immunosorbent assays; EPC, endothelial progenitor cell; CTEA, carotid artery thromboendarterectomy.](tcrm-12-1841Fig3){#f3-tcrm-12-1841}

###### 

Demographic data

  Cardiovascular risk factors   n      \%
  ----------------------------- ------ -------
  Age (years)                          
   \<60                         1      5
   61--70                       2      10
   71--80                       10     50
   \>80                         7      35
  Sex (male/female)             15/5   75/25
  Arterial hypertension         20     100
  Diabetes (IDDM)               8      40
  Smoking                       12     60
   Actively                     5      25
   Previously                   7      35
  BMI (kg/m^2^)                        
   \<20                         1      5
   20--30                       10     50
   \>30                         9      45

**Abbreviations:** IDDM, insulin-dependent diabetes mellitus; BMI, body mass index.
